The structure of plant -pollinator networks has been claimed to be resilient to changes in species composition due to the weak degree of dependence among mutualistic partners. However, detailed empirical investigations of the consequences of introducing an alien plant species into mutualistic networks are lacking. We present the first cross-European analysis by using a standardized protocol to assess the degree to which a particular alien plant species (i.e. Carpobrotus affine acinaciformis, Impatiens glandulifera, Opuntia stricta, Rhododendron ponticum and Solanum elaeagnifolium) becomes integrated into existing native plant-pollinator networks, and how this translates to changes in network structure.
INTRODUCTION
Insect-dependent pollination is essential for seed production for many plants, and flowers offer the basic resources (i.e. nectar and pollen) needed for the development of many insects. Plant -pollinator interactions have attracted a lot of attention from ecologists but it has not been until recently that they have been perceived as networks with robust architectural properties (Bascompte et al. 2003 . Plant -pollinator interactions are weak and usually asymmetric, that is, plant species depend strongly on pollinator species that depend weakly on reciprocal plants and vice versa Petanidou & Potts 2006; Petanidou et al. 2008) . Plantpollinator networks are highly nested consisting of a core of generalist species interacting with both generalist and specialist species; this structure is very cohesive (Bascompte et al. 2003; Ollerton et al. 2003; Blü thgen et al. 2007 ). This nested structure has been claimed to be very stable to environmental and biotic stochasticity (Petanidou et al. 2008) with low sensitivity to sampling effort (Nielsen & Bascompte 2007) . However, the empirical evidence for plant-pollinator network stability in the face of global change is scarce, while most of it is based on models that simulate species removals (Memmott et al. 2004; Rezende et al. 2007 ) and habitat destruction (Fortuna & Bascompte 2006) as two main drivers of biodiversity loss. Even less explored are the effects of species introductions on network stability (but see Olesen et al. 2002; Aizen et al. 2008; Bartomeus et al. 2008) .
Biological invasions can serve as natural experiments in community assembly (Sargent & Ackerly 2008) . By comparing naturally invaded and uninvaded communities or by exploring gradients of invasion we can test whether the insertion of a new species to a community can have disrupting effects on the structure of the plant-pollinator network. The establishment of many generalist entomophilous plant invaders suggests that there is an efficient use of native pollinators (Richardson et al. 2000) . Furthermore, the analysis of pairwise plant-pollinator interactions demonstrates a predominant detrimental impact of alien plants on pollination of native plants (Morales & Traveset 2009 ). However, the outcome of pairwise plant -pollinator interactions varies, being most detrimental when alien and focal native species have similar flower symmetry or colour. Nonetheless, despite alien plant species being well integrated into recipient plant -pollinator networks (Memmott & Waser 2002) and the evidence of negative effects on particular native species, it is difficult to predict how changes in pairwise plant -pollinator interactions scale up to modifications of the whole plant -pollinator network.
Empirical explorations of how plant-pollination networks respond to species introductions have been scarce. These studies have compared invaded networks with networks where the invader was experimentally removed and therefore the invader could have a legacy effect (Lopezaraiza-Mikel et al. 2007 ), or along a gradient of invasion (Morales & Aizen 2002; Olesen et al. 2002; Aizen et al. 2008) where it is difficult to disentangle whether the main drivers of network changes are alien plants or alien pollinators and to determine which particular species are causing most of the effects. In fact, most of the evidence for the presence of alien species having disruptive effects on plant-pollination interactions (Traveset & Richardson 2006 ) is based on invader complexes in which supergeneralist and abundant invasive pollinators displace native pollinators and are less efficient in pollinating some native plant species. In these previous experimental field studies, comparable historically uninvaded (control) networks are often lacking.
We present the first large-scale study comparing invaded and uninvaded plant -pollinator networks of five invasive plant species representative of different European biomes, viz. Mediterranean, temperate and Atlantic. Our aims are to (i) describe how alien plant invaders integrate into the plant -pollinator network compared with sympatric native plant species which have long coexisted in the community, (ii) determine how this translates to changes in plant -pollinator network structure and (iii) explore whether alien plant integration has negative impacts on native plant pollination. We expect invasive entomophilous plants to be supergeneralists (Richardson et al. 2000) , to play a central role in the invaded plant -pollinator network by attracting more pollinators than native plant species (Lopezaraiza-Mikel et al. 2007) and to decrease visitation rates to native plants. Furthermore, we hypothesize that invasive plants by being supergeneralists, both interacting with generalists and specialists, will increase the nestedness of the plant -pollinator network (Aizen et al. 2008) .
MATERIAL AND METHODS
(a) Invasive target species and sites We explored qualitative plant-pollinator networks from communities uninvaded and invaded by the plant species Rhododendron ponticum L. (Ericaceae) (native to Southern and Eastern Europe) in Ireland, Himalayan Impatiens glandulifera Royle (Balsaminaceae) in Germany, American species Solanum elaeagnifolium Cav. (Solanaceae) in Lesvos Island (Greece) and Opuntia stricta (Haw.) Haw. (Cactaceae) in Spain, and the South-African Carpobrotus affine acinaciformis (Aizoaceae) also in Spain. For simplicity, we refer to these species by their generic names hereafter. All species have been introduced as ornamentals, except for Solanum which was unintentionally introduced with agricultural material.
All but one invasive species have a generalized pollination system (Valentine 1978 (Buchmann & Cane 1989) .
For each invader species, we sampled three paired sites: three invaded and three uninvaded plots where the invader was absent. No other alien plant species were present in our sites. Each pair had the same vegetation type, similar plant native species richness and composition (table 1). On average, paired invaded and uninvaded plots did not differ in native species richness (sign-rank test, p ¼ 0.27) and species composition was similar (Sørensen index¼72.64 + 4.40%). Paired sites were separated by 500 m to 10 km (table 1). Although the invader species was generally the most dominant species in invaded plots, they had on average a plant cover of less than 40 per cent of the total study area. We chose areas that were not highly invaded to avoid comparing communities in which native plant species have already been displaced.
(b) Pollinator sampling Within each plot, we recorded insects visiting the sexual parts of flowers (hereafter described as 'pollinators') to the invader and to all co-flowering plant species present within a representative 50 Â 50 m area using a standardized protocol. Plant species from invaded and uninvaded plots were randomly sampled with the same effort (table 1) . At each plot, three to six pollinator surveys were carried out at regular intervals during two to six months covering the entire flowering period of the invader. In order to avoid oversampling of the most abundant plant species, all plant species from each study case were sampled for the same amount of time, except for Rhododendron where rain prevented us from sampling all species to the same extent. For this species, visitation data were standardized to the same sampling time per species per plot before analysis.
For Impatiens, we sampled three invaded and three uninvaded 300 m long transects along a riparian habitat within a 30 km 2 area. Each transect was visited three times for 135 min per transect from July to August. Therefore, for this species, the sampling effort was different for each flowering plant species (Westphal et al. 2008) .
The limited sample size is justified by the considerable effort involved in the simultaneous characterization of several whole networks in areas where reference pollinator collections did not exist. Nevertheless, although increasing the sampling time increases the number of visits observed, it has been shown that the architecture of the plant-pollinator networks is quite robust to sampling effort both in time and space (Nielsen & Bascompte 2007; Petanidou et al. 2008) .
Fieldwork was conducted on sunny days with less than 3 m s 21 wind. We only recorded an insect as a visitor if it touched the reproductive organs of the flower. Insects that were not identifiable when visiting the flower were captured and later identified by using existing reference collections and by taxonomic experts. All pollinators were native. Specific sampling details can be found in Bartomeus et al. (2008) . Type specimens from each study case are deposited at the Institutes where the co-authors belong.
(c) Plant-pollinator network analysis We constructed a data matrix for each plot with the total number of visits observed for each plant -pollinator interaction. For each matrix, we calculated plant (P) and pollinator (A) species richness, the relative frequency of visits (V, i.e. visitation rate) and number of interactions (I) to native plants and to the invader. For each matrix, we also calculated network size (M¼A Â P ), connectance (C ¼ 100 * (I/M)) and plant linkage level (I/P ). We also tested for differences in strength between invasive and native plants in the invaded network. The strength of each plant species is a measure of the dependence of pollinators on each particular plant species . Strength is defined as the sum of pollinator dependencies on a particular plant species. Dependence of a pollinator on a plant species (D A , P ) is the fraction of all visits by a particular pollinator (A) species to a particular plant (P) and is calculated as D A,P ¼ V A2P /V A , where V A2P is the number of visits of pollinator A to plant P and Va is the total number of visits of pollinator A to all plant species in the community .
To test for the influence of the invader on the structure of the plant -pollinator network, apart from comparing visitation rates, connectance and linkage level between invaded and uninvaded plots, the nestedness index (N ) was calculated for each matrix (Atmar & Patterson 1995) as an estimation of plant-pollination network organization (Bascompte et al. 2003) . To calculate N, a matrix with pollinators in rows, plants in columns and the presence or absence of interactions in cells was constructed, and the isocline of perfect nestedness was calculated for each matrix. The absence of a pairwise interaction below the isocline and the presence of a pairwise interaction above the isocline were recorded as unexpected. Nestedness is calculated as N ¼ (1002T )/100, where temperature (T ) is the normalized measure of global distance from unexpected records to the isocline. N values range from 0 to 1 (maximum matrix nestedness).
To assess the significance of N for each matrix, we compared the observed value of N with a benchmark provided by null model 2 in Bascompte et al. (2003) in which each cell in the interaction matrix has a probability of being occupied that depends equally on the number of interactions of its respective column and row as (Pr i þ Pc i )/2, where Pr i is the fraction of interactions of row i and Pc i is the fraction of interactions of column i. We generated 1000 random matrices with this null model. Analyses were conducted with the ANINHADO software (Guimaraes & Guimaraes 2006) . To make N values comparable across different matrix sizes with different connectance we calculated the relative N following Bascompte et al. (2003) .
Nestedness was only computed for Carpobrotus, Opuntia and Rhododendron as the network sizes (15-80 species) for the other two species was too small to detect a nested plant -pollinator network structure (Bascompte et al. 2003) .
We also calculated the contribution of each plant species to idiosyncratic temperature (IT) and compared whether the nestedness contribution (NC ¼ (1002IT)/100) of the invader differed from that of the average value for natives in the invaded network (Selva & Fortuna 2007 ).
(d) Statistical analysis
We ranked the invader compared with native species in the network for each response parameter (e.g. number of visits, number of interactions, strength, nestedness contribution, etc).
Differences between paired invaded and uninvaded network parameter values (e.g. total number of visits, plant linkage level, connectance, nestedness) were compared with sign-rank tests. Except otherwise noted, median values are given throughout the text. Comparisons with the invaded network were conducted both including and excluding the invader species.
For native species present in paired invaded and uninvaded plots, we compared whether the presence of the invader influenced the number of visits and interactions as response variables by linear mixed effects models fitted by maximum likelihood using the 'nlme function' in R, v. 2.8 (R Development Core Team 2008). All response variables fulfilled the requirements of normality and homoscedasticity. Only models based on predictor variables that were not significantly correlated were constructed. Within the mixed models, the factors invader identity, paired-site identity and native plant species were specified as random effects while the presence of the invader was considered as a fixed effect. A nested design was applied with native plant species being nested in paired site and this being nested in invader. The analysis was based on 196 records. The final model was: response variable ¼ presence of the invader (yes or no) þ invader identity þ native species nested within site þ site nested within invader þ error.
In addition, we tested the influence of similarity in floral traits on the effect of the invaders on visitation rates and interactions of paired native species. For this purpose, we assigned each native species as either similar or dissimilar to the invader in terms of flower colour (Carpobrotus, Impatiens and Rhododendron: pink; Opuntia: yellow; Solanum: purple) and flower symmetry (Rhododendron and Impatiens: zygomorphic; Carpobrotus, Opuntia and Solanum: actinomorphic). Some species were subsampled due to rainy weather conditions.
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The influence of flower colour and symmetry as two fixed binary factors on the paired differences in the number of visits and interactions to native species were also tested by linear mixed effects models: response variable ¼ flower colour similarity (yes or no) þ symmetry similarity (yes or no) þ invader identity þ native species nested within site þ site nested within invader þ error.
RESULTS (a) Plant invader versus native species
The invader plants were visited by half of all pollinator species occurring in a site, whereas native species received visits from only 18.18 per cent of pollinator species (figure 1a). However, there was no significant change in pollinator richness between invaded and uninvaded networks (sign-rank test, p ¼ 0.99). The invader species contributed to 31.17 per cent of the total visits to the network being visited more than five times than any particular native species (6.48%; figure 1b) . In fact, the invader was the most visited species in 60 per cent of the plots. Invaded plots received almost one-third more visits than uninvaded networks (sign-rank test, p ¼ 0.03; table 2) but there was no difference in the total number of visits to native species in invaded and uninvaded networks (sign-rank test, p ¼ 0.12). The invader received 25.86 per cent of all interactions in the networks ( figure 1c) , doubling the number of interactions to particular native species (8.93%). In more than 50 per cent of the plots, the number of interactions with the invader was greater than the average for native species in the network, and in 73.3 per cent of the plots, the invader interacted more than any other plant species in the network. However, there were no significant differences in the linkage level of plants between invaded and uninvaded networks (sign-rank test, p ¼ 0.61; table 2), nor were there any significant differences when only considering linkage level of native species in the network (sign-rank test, p . 0.99).
(b) Invader effect on particular native plant species On average, differences in visitation rates and number of interactions between particular native species in invaded and uninvaded plots were not significant (F 1,97 ¼ 0.07, p ¼ 0.79 and F 1,97 ¼ 1.55, p ¼ 0.22, respectively). That is, there was no clear pattern in whether the effect of the invader on natives was positive, negative or neutral (figure 2). Furthermore, variability in the difference in the number of visits and interactions to particular native species was statistically independent of similarity in flower symmetry (F 1,80 ¼ 0.27, p ¼ 0.6 and F 1,80 ¼ 0.09, p ¼ 0.77, respectively) and colour (F 1,80 ¼ 0.46, p ¼ 0.5 and F 1,80 ¼ 1.02, p ¼ 0.32, respectively) between the native and the invader species (results not shown).
(c) Invader effect on plant -pollinator network structure Overall, the lack of major changes in the number of interactions with invasion translated to no significant differences in connectance between invaded (20.11%) and uninvaded (21.76%) networks (sign-rank test, p ¼ 0.99; table 2), nor when comparing connectance of native species only (sign-rank test, p . 0.99).
In half of the plots, the strength of the invader was higher than any native plant species in the network (figure 3), and in two-thirds of the plots, it occupied the first quartile position. However, mean strength of native species was not significantly different between invaded and uninvaded plots (sign-rank test, p ¼ 0.302; figure 3) .
The plant -pollinator networks were significantly nested in half of the plots when comparing with the benchmark of 1000 random matrices for each plot with null model 2 (data not shown). However, there were no significant differences in matrix nestedness between invaded and uninvaded networks (sign-rank test, p ¼ 0.51; table 2), despite invaders occupying the first position in seven out of nine of the reorganized matrices.
DISCUSSION
By comparing paired invaded and uninvaded networks, we have shown that the presence of a single entomophilous alien species in a native plant-pollinator network is associated with consistent integration patterns in the plant -pollinator network. Plant invaders were frequently visited by a large proportion of native pollinator species and constituted a considerable proportion of interactions. Moreover, on average, pollinators depended upon the invader significantly more than on native plant species. In most sites, the invader was the plant species ranking highest in terms of number of interactions with pollinators and dependence of pollinators upon plants. These observations support not only that entomophilous invader species are supergeneralists and are well integrated in the introduced plant -pollinator network (Richardson et al. 2000) , but also that they play a central role compared with native plant species that have long evolved with native pollinators (Lopezaraiza-Mikel et al. 2007) .
Most visits went to the invader species without a consistent trend on visitation rates and number of interactions to particular native plant species. That is, the presence of the invader had a positive, negative or neutral effect on visitation rates of particular native species. This variability was not associated with differences in flower similarity between the invader and the native species, contradicting the findings of Morales & Traveset (2009) who found a reduction in visits to those native plants that were morphologically similar to the invader. In our case, the native species sample was random, while many previous pairwise studies focused on native species that seemed to be threatened by the alien. Historical factors, as well as other contextdependent factors such as flower abundance and quality and quantity of floral rewards, which are influenced by environmental characteristics, might contribute to the variability of the effect of the invaders on native plant species.
Thus, on average, the high frequency of visits and interactions into the invader did not translate to significant changes in total number of visits and interactions to native plant species in the invaded network. This finding highlights the difficulty of scaling-up the consequences of plant invasion from the effects of pairwise plant-pollination species to community effects Invasion of networks M. Vilà et al. 3891 (Bjerknes et al. 2007) . Furthermore, although the total number of visits to the network increased, the structure of the network did not change with invasion. That connectance and nestedness did not increase with the introduction of a supergeneralist species is somewhat unexpected and shows that the influence of a single alien species in the network, even if it ranks high in the number of interactions it establishes, is buffered by the rearrangement of native plant-pollination interactions after invasion. Whether this result is transient, and might change with time by removing interactions with native plants, remains to be further investigated. Our study networks were small and not highly invaded, a different result might be found in areas with a higher abundance of the invader, where native species have already been displaced and become rare due to abiotic (i.e. nutrients, water, light or space) resource competition. The influence of density-dependent effects on the impacts of invasive plants on the structure of the plantpollination network deserves further exploration (Muñ oz & Cavieres 2008 ).
In conclusion, we have found that recently introduced, very attractive plant species in a plant-pollinator community reshuffle the number of visits and interactions to native species, but do not change the general architecture of the network that has been exposed to multiple human stresses through millennia. Overall, the structure of plant -pollinator networks is permeable and at the same time robust to the introduction of an alien plant species. An introduced plant becomes as well, or even better, integrated into the plant -pollinator network as coevolved, coexisting native plant species without changing the properties of the plant-community network. Previous evidence of alien species having disruptive effects on plant-pollination interactions are based on highly supergeneralist invasive pollinators and invasion complexes (e.g. Aizen et al. 2008) . However, our study shows that the impact of a single alien plant species is probably less disruptive than that of alien pollinators or alien species complexes acting synergically (Simberloff 2006) . In the face of increasing invasion rates of plants and pollinators, empirical research is needed to elucidate alien species traits and quantify abundance thresholds which result in disruption of the properties of plant -pollinator networks.
